J π = 0 + states have been investigated in the actinide nucleus 240 Pu up to an excitation energy of 3 MeV with a high-resolution (p,t) experiment at Ep= 24 MeV. To test the recently proposed J π = 0 + 2 double-octupole structure, the phenomenological approach of the spdf-interacting boson model has been chosen. In addition, the total 0 + strength distribution and the 0 + strength fragmentation have been compared to the model predictions as well as to the previously studied (p,t) reactions in the actinides. The results suggest that the structure of the 0 + 2 states in the actinides might be more complex than the usually discussed pairing isomers. Instead, the octupole degree of freedom might contribute significantly. The signature of two close-lying 0 + states below the 2-quasiparticle energy is presented as a possible manifestation of strong octupole correlations in the structure of the 0 + 2 states in the actinides.
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The nature of the first excited K π = 0 + , J π = 0
2 ) states in the even-even actinides has been controversially discussed for decades. Extensive experimental studies had shown an asymmetry between the population in (p,t) and (t,p) reactions [1] [2] [3] . While large (p,t) cross sections were observed (σ 0 + 2 /σ gs ≈ 15%) [1, 2] , no significant (t,p) cross sections (σ 0 + 2 /σ gs < 2%) were seen in the studies of Casten et al. [3] . Ragnarsson and Broglia proposed to interpret these states as pairing isomers having a smaller neutron pairing gap ∆ n than the ground state itself [4, 5] . These isomers should be present in the case of an inhomogeneity of weakly coupled prolate and oblate levels around the Fermi surface for comparable monopole and quadrupole pairing strengths. The experimental signature of these pairing isomers would be large (p,t) cross sections and almost vanishing (t,p) cross sections [4] . Furthermore, Rij and Kahana predicted a negligible population of these states in single-neutron transfer reactions [5] . However, in 240 Pu a strong (d,p) population of the 0 + 2 state (σ 0 + 2 /σ gs ≈ 18%) was observed [6] . In addition to the peculiar situation of an inhomogeneous distribution of oblate and prolate single-particle orbitals around the Fermi surface, the octupole degree of freedom contributes significantly to the low-energy spectrum of the actinide nuclei [7, 8] . The enhanced octupole collectivity, which has been observed in several experimental and theoretical studies, has been mainly attributed to the strong octupole interaction involving unique neutron and proton single-particle orbitals differing by ∆j = ∆l = 3. These are the j 15/2 and g 9/2 orbitals (N ∼ 134) for the neutrons, and the i 13/2 and f 7/2 orbitals (Z ∼ 88) in the case of the protons. One of the most striking signatures of * spieker@ikp.uni-koeln.de; Member of the Bonn-Cologne Graduate School of Physics and Astronomy enhanced octupole collectivity has been the observation of alternating-parity bands where negative-parity states are connected to positive-parity states via enhanced E1 transitions and vice versa. Nuclei which exhibit such an alternating-parity band already at low spins (J ∼ 5) have often been considered as the best candidates to exhibit static octupole deformation already in their ground state (see, e.g., 226 Th [7] and 224 Ra [9] ). In the even-even Pu isotopes the strongest octupole correlations have been found for 240 Pu by means of an alternating-parity band at high spins (J ∼ 20) [12] . Using two-center octupole wave functions in the framework of supersymmetric quantum mechanics, Refs. [13, 14] explained the experimental data as a second-order phase transition from an octupole-nondeformed to an octupoledeformed shape. Recently, the data of a consecutive high-statistics "unsafe" Coulomb excitation experiment has been published [10] , where the K π = 0 + 2 rotational band was investigated up to highest spins (J π = 30 + ). Enhanced E1 transitions were observed which deexcited its high-spin members exclusively to the one-octupole phonon band (K π = 0 − 1 ). Following the proposed concept of multi-phonon condensation of Ref. [15] , the experimental observations in 240 Pu [10, 12] were explained in terms of the condensation of rotation-aligned octupole phonons at high spin. As a consequence, Ref. [10] proposed the K π = 0 + 2 rotational band as a candidate for the double-octupole band. Earlier, Chasman had noticed that the addition of particle-hole octupole-octupole forces to the conventional pairing forces might also explain the strong (p,t) population of 0 + 2 states in the actinides [16] . He had found enhanced octupole correlations in the 0 + 2 states of some U isotopes. The recent experimental studies of monopole excitations in deformed nuclei [17] [18] [19] [20] have shown that with state-of-the-art experimental setups new structure information can be gained about many excited J π = 0 + states up to an excitation energy of about 3 MeV. It is important to note that also the spdf-interacting boson model (IBM) predicts a significant contribution of the double-octupole phonons to the structure of the excited J π = 0 + states in the actinides [18, [21] [22] [23] [24] . The new interpretation of the 0 + 2 state and its proposed structure in 240 Pu [10, 11] therefore emphasizes the importance of the present experimental (p,t) study to further clarify the nature of the 0 + 2 states in the actinides and to further test the existence of low-lying two-phonon states in deformed nuclei [25] .
To study 0 + states and other low-spin excitations in 240 Pu a high-resolution (p,t) study was performed at the Q3D magnetic spectrograph of the Maier-Leibnitz Laboratory (MLL) in Munich [26] . A 120 µg/cm 2 thick and highly-enriched 242 Pu target (99.93%, T 1/2 = 3.75 × 10 5 years) was provided by Oak Ridge National Laboratory, and was evaporated onto a 25 µg/cm 2 carbon backing. The E p = 24 MeV proton beam impinged onto the 242 Pu target with an average beam current of 1 µA. The ejected tritons were bent to the focal plane detection system of the Q3D magnetic spectrograph, where they were unambiguously selected via dE/E particle identification [27] . The energy calibration of the detection system was done in terms of well-known (p,t) reactions as presented in, e.g., Ref. [23] . Figure 1 shows the excitation spectrum of 240 Pu for the two magnetic settings at 10
• , which have been used to cover excitation energies up to 3 MeV. Former studies in the rare earths as well as in the actinides have shown that high-resolution two-neutron transfer experiments with an incident proton energy of E p ≈ 25 MeV and the use of small detection angles are excellent tools to study J π = 0 + states selectively (see, e.g., Refs. [18, 19] ). As seen in Fig. 2 , the L = 0 transfers can be easily distinguished from other low-spin excitations by their steeply rising cross sections at small detection angles at these proton energies. To unambiguously assign spin and parity to J π = 0 + states, angular distributions were measured at nine laboratory angles ranging from 5
• to 40
• and compared to the distributions calculated by the CHUCK3 code [28] . Except for the measurements at 5
• (9.3 msr), the maximum Q3D solid angle of 13.9 msr was chosen. This procedure has already been successfully applied to the 232 Th(p,t) 230 Th reaction [23] . In total, 209 states have been identified in the present (p,t) study in 240 Pu. Many previously known low-spin states have also been observed and their spinparity assignments were confirmed. However, most of the populated states have been seen for the first time [29] . This manuscript concentrates on the experimental distribution of populated J π = 0 + states up to 3 MeV, and especially on the pattern of low-and close-lying 0 [28] are also shown. For the latter, two-neutron transfer configurations of orbitals close to the Fermi surface were chosen. For further details of the CHUCK3 calculations see, e.g., Ref. [23] .
The ground-state angular distribution of 240 Pu serves as a benchmark, since the unique signatures of an L = 0 transfer in the (p,t) reaction are clearly identified [see Fig. 2 (a) ]. In total, 17 states were firmly assigned J π = 0 + by the present study. Furthermore, four additional states were tentatively assigned
2 ) state, which is the candidate for the double-octupole 0 + state [10] , is identified at an excitation energy of 861.2(1) keV, while the second excited J π = 0 + 3 state is observed at an excitation energy of 1090.3(1) keV in the present experiment. The latter was proposed to be a candidate for the β-vibrational bandhead [30] . Both spin-parity assignments
The experimental integrated (p,t) cross sections are 173.75 (7) [18, 23] . As seen in Fig. 3 , both 0 + states lie below the 2-quasiparticle (2QP) energy and might therefore be of collective nature. Note that around the 2QP energy, excited 0 + states are observed with a relative strength between 6% and 8%. In 240 Pu where the 2QP energy is the lowest (2∆ n ≈ 1090 keV), no additional strength is observed up to roughly 1.9 MeV [29] . As such, 240 Pu marks an ideal case for studying the structure of close-lying 0 Th. The neutron-pairing energy ∆n was calculated from the odd-even mass differences [32] . Except for 240 Pu, the data are from Refs. [18, 23, 24] .
In Fig. 4 ∆E has been systematically studied to test whether it could be used to gain further information about those states in the actinides, and to search for an indication of the double-octupole phonon structures at low excitation energies. In the Th and U isotopes, the maximum of ∆E seems to be correlated with the minimum energy of the 0 [Figs. 4 (a) and 4 (c) ), which is an empirical measure for enhanced octupole collectivity. In the Pu isotopes, the minimum energy of the 3 − 1 state might be more shallow [8] . Nonetheless, even if the data are sparse the observation seems to hold for Pu as well. Furthermore, in those nuclei with a minimum 3 240 Pu [10, 11] allows to study this hypothesis based on the new experimental data as a theoretical case study.
A suited model to investigate the interplay of collective quadrupole and octupole excitations in the actinides is the phenomenological approach of the spdf-IBM. The model has already shown that it can reproduce the large number of observed 0 + states in the actinides [23, 24, 27 ] by incorporating the double-octupole states. It has also proven its capability to describe the low-lying collective states in the actinides [21, 22] . Furthermore, in Ref. [24] the hadronic and electromagnetic data on 228 Th were simultaneously described for the first time, while a doubleoctupole structure of the J π = 0 + 2 state in 228 Th was predicted [24] . The same Hamiltonian and electromagnetic operators of Refs. [21, 22] have been used for the present study. The dipole interactionD † spdf ·D spdf was added to the Hamiltonian (Eq. (1)) since the choice of parameters for the quadrupole operatorQ spdf does not change the number of negative-parity bosons. Therefore, no E2 transitions between states built of only positiveor negative-parity bosons would be possible, in contradiction with experiment [21, 22] .
The parameters of the Hamiltonian are: ǫ d =0.25, ǫ p =1.5, ǫ f =0.79 MeV, while the quadrupole-and dipolecoupling strenghts κ and α are set to 0.013 and 0.0006 MeV, respectively. The value of the latter indicates that α has only a modest impact on general properties of the spectrum, but admixes a small contribution of negative-parity bosons to every state. The number of negative-parity bosons (<n p > + <n f >) in the ground states of 242,240 Pu is smaller than 0.02, and no static octupole deformation is observed in agreement with experiment [12] .
The essential observables of experimental (p,t) studies are relative transfer strengths. In the framework of the IBM, the two-neutron transfer proceeds via the removal of an s-boson, and the transfer operator can be defined as follows:
where Ω ν is the effective neutron pair degeneracy of the neutron shell [Ω ν = 1 2 (164-126) = 19] , N ν is the number of neutron pairs (9) , N the total number of bosons (15), and α p , α f and α ν are constant parameters. 164 was proposed to be a neutron sub-shell closure and adopted in the calculations of Refs. [21, 22] . While the first term in Eq. (2) was already introduced by Arima and Iachello [34] , the second term of the transfer operator had to be added to the present study as well as to the calculations presented in Ref. [24] to describe the transfer intensities in the actinides. Its interpretation is not fully understood, and thus a systematic study of all terms of the transfer operator would be instructive. For now, it is taken as phenomenologically necessary to describe the experimental data. Certainly, the second term will amplify overlapping parts of negative-parity bosons in the transfer process, and therefore accounts for possible negative-parity bosons in the structure of excited 0 + states. The three parameters have been set to α p = −1.2, α f = 0, and α ν = 0.2 mb/sr. Finally, the IBM calculations are compared to the experimental data in Fig. 5 .
In Figs have been populated in the experiment, only 10 out of 14 0 + states receive a non-vanishing transfer strength in the IBM calculations up to 3 MeV. Nonetheless, the agreement between experiment and IBM at least for the first two excited 0 + states is quite good. While experimentally relative transfer strengths of 19.39(2)% and 7.96(1)% are found, the IBM predicts 22.17% and 13.12% with respect to the ground-state strength. Furthermore, the observation of two groups of excited 0 + states (E x < 1.5 MeV and E x > 1.5 MeV) is predicted correctly, and their location is reproduced fairly well. Additionally, the experimental and IBM running sum of the transfer strength are found in good agreement, even though a higher fragmentation of the transfer strength around 2.25 MeV is experimentally observed [Fig. 5 (c)] . A very good agreement is not expected, as the present IBM calculations are lacking quasiparticle excitations [35] , which are also expected to contribute to the experimental 0 + distribution [36, 37] . However, at energies below the 2QP energy, the systematic (p,t) study in the actinides has shown that the experimental observation of close-and low-lying 0 + states in 228 Th is not unique. Instead, two close-and low-lying 0 + states are also observed in 240 Pu and other actinides (see Fig. 4 ), therefore establishing this experimental signature and emphasizing the states' collective nature. Figure 5 [30] . The IBM predicts a quadrupole structure and almost no negative-parity bosons in the wave function of the J π = 0 + 3 state, and a double-octupole phonon structure of the J π = 0 + 2 state as proposed in Refs. [10, 11] . However, similar IBM calculations in Ref. [18] suggest that the large experimental 0 + 2 transfer strengths do not per se allow for an identification of double-octupole states, because quadrupole structures are predicted in 230 Th and 232 U. The observation of large relative (p,t) cross sections might therefore also point to large admixtures of pairing-correlated quasiparticles in the wave function [37, 38] . It is necessary to compare additional observables with the model predictions in order to test the signature of close-lying 0 [31] . No E1 transitions have been observed for other K π = 0 + bands up to now [31] . The electromagnetic operators of the spdf-IBM and effective charges e1 and e2 in 240 Pu are from Ref. [22] .
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900.32 (4) 99 ( To further understand the structure of the 0 + 2 states in the actinides in detail, it is important to investigate their electromagnetic decay behavior. For 240 Pu additional insight into the possible octupole nature of the J π = 0 + 2 state and its rotational band members can be gained from their γ-decay branching. Especially interesting are the B(E1)/B(E2) ratios of Table I , which are a direct measure for the branching to the one-octupole phonon K π = 0 − rotational band and to the ground-state band, respectively. Notice that these ratios are different from the B(E1)/B(E2) ratios discussed in Refs. [10] [11] [12] [13] [14] , which were a measure for intra-and interband decays. However, since there is confidence in the double-octupole nature of the K π = 0 + 2 rotational band [10, 11] , it is instructive to check the simple phonon picture by means of allowed ∆ phonon = 1 decays, i.e. the destruction of an octupole phonon. In the cases where a branching has been observed, enhanced ratios have been measured and are found in agreement with the model predictions. No E1 transitions have been observed for any other of the previously known K π = 0 + bands in 240 Pu [31] . Additionally, E0 transitions could be used to characterize excited 0 + states in atomic nuclei [37] [38] [39] . To calculate E0 transitions only the d-boson contribution of the operator was considered and the corresponding parameter was set to 0.053 [39, 40] . The present results have been normalized to the measured X(E0/E2) ratio of 0.048 (16) 240 Pu [30] . A suppression by a factor of 5 was estimated in Ref. [30] . The present IBM calculation predicts a factor of 13. Therefore, the double-octupole structure and the necessary annihilation of two octupole phonons at once might yield a possible explanation of the experimentally observed suppression of the 0
In summary, a high-resolution 242 Pu(p,t) 240 Pu experiment has been performed to study 0 + states up to E x = 3.1 MeV. It has been shown that the spdf-IBM can account for both hadronic and electromagnetic observables in 240 Pu, while two excited 0 + states of different structure are predicted below the 2QP energy. Consequently, the proposed octupole correlations in the structure of the K π = 0 + 2 band in 240 Pu [10, 11] are supported. The present study indicates that the structure of some J π = 0 + 2 states in the actinides might be more complex than the usually discussed pairing isomers or pairing vibrations. Especially octupole correlations in their structure might give a possible explanation for the experimentally observed fast E1 γ decays to the one-octupole phonon states [11] . Several actinide nuclei are also accessible by the (p,t) and (t,p) reactions [1] [2] [3] and could be remeasured in state-of-the-art experiments. New data might help to discriminate between pairing isomers, which could mix with quadrupole one-phonon excitations, and possible double-octupole excitations. The present results on the latter could contradict earlier conclusions about their general existence [25] . It is therefore necessary to clarify whether dominant contributions or small admixtures [41] Fig. 4 . In the future, the study of exotic nuclei in inverse kinematics might also be possible at the CERN On-Line Isotope Mass Seperator (ISOLDE) facility [9, 43] . Furthermore, it appears that octupole correlations might also be observed in some 0 + 2 states of the rare-earth nuclei [44] .
